Clathrates are materials containing closed polyhedral cages stacked to form crystalline frameworks. With Si, Ge, and Sn atoms populating these frameworks, a wide variety of electronic and vibrational properties can be produced in these materials, by substitution upon framework sites or through incorporation of ions in cage-center positions. Commonly-formed structures include the type I, type II, and chiral clathrate types, whose properties will be described here. Ba 8 Si 46 with the type
array. Methane clathrate is naturally occurring when natural gas combines with seawater at pressures of the ocean floor. The potential for useful energy reserves or of greenhouse gas emissions from such formations is one of the reasons for intensive interest in such materials. Several recent reviews [1] [2] [3] [4] describe the features of the hydrate clathrates.
Jeffrey [5] developed a naming convention for the hydrate clathrates; by this labeling scheme "Type I" and "Type II" are the most commonly observed structures. These are illustrated in Figures 1 and 2 . These structures feature three-dimensional tessellations that completely fill space with polyhedral cages, such as the dodecahedron and tetrakaidecahedron that make up the type-I structure shown in Figure 1 . In the hydrate clathrates, the vertices of these polyhedra are water oxygens, while small molecules fill the closed cages. Figures 1 and 2 show silicon clathrates for which the framework is a fourfold-bonded Si-atom network. Another set of materials sharing identical structural characteristics is the clathrasils [6] , in which the crystalline framework is constructed of SiO 2 , rather than H 2 O. Type-II clathrate structure, illustrated along with the two cages that make up the closed network. Inside the cubic unit cell a central hexakaidecahedron is shown connected to two of its neighboring dodecahedra. Atom labels correspond to Na 16 Si 136 ; the 8b site the filling large cage is shown unoccupied. Space group is (#227).
The silicon clathrates were first synthesized in 1965 [7] , when type-I Na 8 Si 46 and type-II Na x Si 136 were prepared. A large number of related compositions have since been synthesized, including those with frameworks of Ge and Sn, and cage-filling atoms including Na, K, Rb, Sr, Ba, Te, Cl, Br, I, Eu, H 2 . Aside from column-IV elements, the framework may be substituted from columns II through VI, a few examples being type-I Sr 8 Al 16 Ge 30 [8] [12] . Furthermore, several late transition metal elements have been substituted on the Si and Ge frameworks [13] , while Si and Ge type-II clathrates can also be formed as empty frameworks [14, 15] , by driving Na out of the filled cages or out of an intermediate product, respectively.
Closely related structural types not observed among the hydrate clathrates include the low temperature stable structure found in α-Ba 8 Ga 16 Sn 30 [8] and α-Eu 8 Ga 16 Ge 30 [16] , a cubic structure closely related to the type-I structure stable at high temperatures in both of these materials (type I corresponding to the β-phases). This structure has also been called "clathrate VIII," as an addition to the seven structure types originally identified among hydrate clathrates. The chiral clathrate structure, originally discovered as the structure of Ba 6 In 4 Ge 21 [17] , has been identified to form several silicon and germanium compounds, generally in combination with barium, as in the binaries Ba 6 Si 25 [18] and Ba 6 Ge 25 [19] . Tin-based chiral clathrates can be formed with alkali metals, for example K 6 Sn 25 [20] . A member of the chiral space group #213 (P4 1 23), the chiral clathrate structure features polyhedral cages arranged in a three-dimensional network of interlinked helices ( Figure 3 ). Aside from the single type of closed cage, which encloses the cation occupying the 8c site, the structure also features two additional cation sites in open regions of the cell. In addition, two of the six framework sites (representing 8 of the 25 framework atoms per formula unit) are only threefold coordinated to other framework atoms, as opposed to the fourfold coordination uniformly observed in all other clathrates discussed here. At times this structure has been termed type IX or type III (although a different hydrate clathrate structure also has been labeled type III); here the designation "chiral clathrate" will be used. [18] . A 2×2×1 raft of cubic cells is illustrated at left. Large spheres are Ba, with connected framework composed of Ge atoms. One helical grouping of framework cages has been highlighted for clarity, however all cages are identical, forming somewhat irregular dodecahedra.
II. Superconductivity in Si 46 Clathrates
Roy [21] initially searched for superconductivity in type-I and type-II Na-Si clathrates, however these original silicon clathrates were found not to be superconducting. A few years later the type-I composition Na 2.9 Ba 4.5 Si 46 was prepared and shown to be superconducting with T c near 4 K [22] . Similarly, the K-and Ba-filled analog was found to have T c = 3.2 K [23] . Advances in synthesis, in particular high-pressure methods, led to the preparation of Ba 8 Si 46 for which the alkali metals were replaced completely by Ba [24] . This composition achieves a superconducting T c = 8 K. Ba 8 Si 46 prepared with a slight deficit of Ba was found to have T c as high as 9.0 K [25] , which is a high-water mark for superconducting transition temperatures among sp 3 -bonded clathrates.
Further advances in synthesis have included the production of single crystals of Ba 7.6 Si 46 [26] , however with no increase in T c of this material. Single crystals of the Na 2 Ba 6 Si 46 clathrate have also been produced, and a crystallographic study confirming the ordered structure of this material, with Na ions occupying the smaller dodecahedral cages, and Ba ions the larger tetrakaidecahedral cages, surrounded by a fully-populated Si 46 framework [27] .
III. Rattler Atoms and Narrow Bands.
Among the distinctive features commonly observed in the clathrates is low-frequency Einsteinlike phonon modes. Generally associated with ions loosely held within their encapsulating cages, such modes can be observed by various techniques, including Raman scattering [28] or detection of the displacements of the encapsulated ions via x-ray [29] or neutron [30] [30] , and 45 to 60 K in type-I Cs 8 Ga 8 Sn 38 [32] , with similar small values obtained for many other clathrate materials.
Slack [33] originally suggested the idea that the "rattling" of encapsulated ions may contribute to low observed thermal conductivities, a feature of great current interest due to potential thermoelectric applications for semiconducting compositions of these materials. Similar behavior is observed in other cage-type materials, particularly the skutterudites [34] . Much effort has been devoted to understanding such behavior in type-I materials in particular, for which the larger tetrakaidecahedral cages afford room for smaller ions to displace to off-center positions within the cage. A recent work [35] [36] , at temperatures of order a few kelvins. The standard explanation for such behavior is phonon tunnel centers spread over a wide range of energies. The source of this energy spread is not entirely clear, however there is additional spectroscopic evidence for distributed behavior [37, 38] , which may be related to intrinsic framework-site disorder due to mixed atomic occupation in the alloyed clathrates such as Sr 8 Ga 16 Ge 30 .
Note that other mechanisms may also affect the thermal conductivity; in particular a large electron-phonon coupling parameter has been argued to be important in the Ba-Ge type-I clathrates [39, 40] . However it is clear that there is a large density of phonon modes at low frequencies, which can potentially affect the superconducting behavior in these systems. Some of the observed behavior may relate to the mixed site occupancy in alloyed clathrates, however even in Na 8 Si 46 , amorphous-like thermal conductivity has been observed at low temperatures [41] .
The electronic properties of the superconducting silicon clathrates feature sharp electron density of states peaks at or near the Fermi energy (E F ). This is illustrated in Figure 4 [42] , where a particularly sharp peak can be seen in the calculated density of states at the position of E F for Ba 8 Si 46 . It was noted in the original report [22, 43] that a similar behavior may hold for Na 2 Ba 6 Si 46 . Photoemission [44] and NMR [45] experiments have confirmed the large g(E F ) in these cases. Aside from the behavior near E F , it is also a general feature of the silicon and germanium clathrates that the bands are narrowed, and g(E) enhanced, compared to the corresponding diamond-structure semiconductors. Figure 5 shows a comparison of calculated electronic structures for empty silicon and germanium clathrates [46] . These feature larger band-gaps than diamond-structure silicon or germanium. This result follows the general expectation of expanded structure leading to reduced hybridization and hence a smaller bandwidth. This mechanism is demonstrated in A 3 C 60 fullerides (A = alkali metal atom), for which g(E F ) increases monotonically with cell size as the cation is changed, decreasing the overlap between fullerene molecules. An increase in superconducting T c that is also monotonic in cell size tracks the g(E F ) increase [47] . For example, in Rb 2 CsC 60 , T c = 31 K, while g(E F ) is 24 states/eV per C 60 molecule, comparable to the height of the peak seen in Figure 4 . [46] , using an ab initio pseudopotential method. Si 34 In contrast to the fullerenes, however, the cage-center guest ions in group-IV clathrates hybridize relatively strongly with the framework ions. Calculations for superconducting Si 46 clathrates reveal significant Na and Ba contributions [43] modifying the conduction band, so that the large g(E F ) can be attributed in part to states of these ions. Similarly in semiconducting Ba 8 Ga 16 Ge 30 , and analogs centered by Sr and Eu, guest-ion d-states appear to participate strongly in the conduction band [48] . In type-II Na x Si 136 clathrates, 27 Na NMR shifts have been found to be strongly temperature dependent, indicating the presence of Na-based electron states at E F [49] . Figure 6 shows a theoretical g(E) for this situation; E F appears at a sharp dip in this case rather than the sharp peak as in the type-I case. From the strong presence of Na states in the band-edge one may make the case that conductivity in Na x Si 136 proceeds via an impurity band, as originally invoked to explain the metal-insulator behavior observed in this material [50] . However this picture seems less apt for the type-I clathrates, for which hybridization between cage-center and framework atoms are generally stronger, and band calculations have generally been successful in modeling the electrical transport behavior. [49] . E F appears at an energy just above a strong band of Na-dominated states. © 1998 American Physical Society.
IV. Superconducting Mechanism.
The observation of superconductivity in Ba 8 Si 46 has led to significant interest in the reason for the relatively large T c in this material. One of the challenges has been the range of reported transition temperatures due to the difficulty of preparing single-phase Ba 8 Si 46 . A study of silicon isotope-substituted samples of Ba 8 Si 46 [51] , however, showed an isotope effect corresponding to the range of expected values for the BCS theory, indicating that a phonon mechanism is responsible for the superconducting state. In addition, by matching the changes in T c due to applied pressure to ab initio calculations [52] , a further measure was obtained for the parameters driving superconductivity in the material. In the McMillan theory [53] , T c can be expressed, , [1] where is the Debye temperature, and and are the electron-phonon coupling constant and repulsive interaction, respectively. For Ba 8 Further information has been obtained by changing the composition through substitution of framework or cage-center atoms. Table I summarizes the reported changes in T c for such materials. In some cases only the end member of a series is given in this table, for example in Figure 7 is shown the susceptibility for a series Ba 8-x Sr x Si 46 [54] , showing the progressive change in T c . [57] . Thus it appears that relatively low substitution of Ga preserves the sp 3 character of the Si clathrate network. By contrast, a calculated set of electron bands for Ba 8 Cu 6 Si 40 , and the corresponding density of states (Figure 9 , left), shows a much larger change [59] , clearly not rigid-band in character near E F . Additional information can be obtained from valence-electron density plots, as in the left panels of Figure 10 , for Ba 8 Ga x Si 46-x [57] . Near the top and bottom these sections cut through Si-Ga-Si and Si-Ga-Ga bond sequences, showing that the hybridization of the framework is maintained. The left panels illustrate the Fermi-level resolved states, responsible for the superconductivity, which maintain their integrity for the case Ba 8 Ga 6 Si 40 , but become much less well connected for the more highly substituted case. Calculations for Ge-based type-I clathrates (Figure 9 , right) indicate an electronic structure for Ba 8 Ge 46 rather similar to that of Ba 8 Si 46 [57] ; the lack of superconductivity in the former material is due to vacancy formation, as shown below. However there is also likely an increase in V ep going up the periodic table; calculations for a hypothetical type-I carbon clathrate [52] have indicated a significant increase over that observed in silicon clathrates, indicating potentially large increases in T c if such materials could be formed. Among germanium clathrates, there has been only one report of superconductivity, in Ba 8 Ga 16 Ge 30 [60] , however most samples of this composition do not show such behavior, which must not be a general property of the material [30] .
V. Zintl concept and Vacancies.
The Zintl phases [61] are a class of compounds featuring cations from the first or second column combined with more weakly ionic anions from the carbon group or later. In these materials the anions combine to form clusters or connected networks. The combination of electron transfer from the cations and anion-anion hybridization can be viewed as leading to closed-shell configurations in these materials, and hence enhanced stability. The clathrates include classic examples of Zintl phases. For example, in the type-I structure, each framework atom has four framework neighbors. In a localized-bond picture, the hypothetical empty type-I clathrate Si 46 would have a closed shell of four bonds per atom, Si having a valence of 4. In Ba 8 46 exhibits an unbroken framework, as established through crystallography and NMR [27, 62] . However its analog Ba 8 Ge 46 does not form a fully populated framework, instead favoring spontaneous vacancy formation [63, 64] , with the configuration Ba 8 Ge 43 3 , denoting the vacancies, with a superstructure as shown in Figure 11 . According to a Zintl picture four vacancies, with 4 electrons each, might be expected to accept the 16 electrons from Ba 2+ , completing a network of filled bonds. The observed vacancy count of three may indicate incomplete charge transfer from ionized Ba, or the limitations of the Zintl concept. Type-I alkali metal-tin clathrates exhibit the composition A 8 Sn 44 2 , in this case precisely satisfying the Zintl criterion [65] [66] [67] , as does K 8 Ge 44 2 [68] . Germanium and tin clathrates commonly adhere closely to Zintl stability conditions, forming vacancies as needed. For example, the type-I compound initially reported as Ba 8 Cu 6 Ge 40 was found instead to form a composition close to Ba 8 Cu 5.3 Ge 40.7 , satisfying the Zintl criterion [69] , with Cu treated as a simple s-p substituent having a valence of 1. On the other hand, siliconbased Ba 8 Cu x Si 46-x forms with varying composition not keeping to Zintl rules [59, 70] . Other germanium and tin clathrates obeying Zintl criteria are Ba 8 Al 16-x Ge 30+y , which forms vacancies when x ≠ 0 to maintain a Zintl composition [71] , and I 8 Te 5.3 Ge 40 [72] , Sn 24 P 19.3 I 8-y Cl y [73] , and Sn 14 In 10 P 21.2 I 8 [74] , all exhibiting spontaneous vacancies. Ba 8 Ga 10 Si 36 is the only silicon-based clathrate thus far reported to exhibit spontaneous vacancy formation, [70, 75] . On the other hand, Ba 8 Ga 6 Si 40 , a composition further from the Zintl phase Ba 8 Ga 16 Si 30 , is a bulk superconductor as described above [57] , and thus most likely features an unbroken framework. Typically the Si-Si bond strength makes vacancy formation less common in silicon-based systems, and although the electronic structures would appear to favor superconductivity in germanium and tin clathrates [59] the tendency of these compounds to form vacancies rather than high-electron compositions explains the lack of superconductivity observed in such materials. It is possible that a highpressure synthesis technique might stabilize a vacancy-free germanium clathrate, but the relatively weak Ge-Ge bond may make this difficult.
VI. Superconductivity in Other Clathrates.
There are no reports of superconductivity in type-II clathrates, although these materials feature complete sp 3 -bonded frameworks similar to the type-I structure. In part this is because far fewer compositions are found to be stable in the type-II structure. For example there is only one report of a Ba-Si type-II clathrate: Na 16 Ba 8 Si 136 contains Ba in the larger cage [76] , however there has been no superconductivity observed in this compound above 2 K. Among Sn clathrates Ba 16 Ga 32 Sn 104 can be formed with a larger concentration of second-column ions [77, 78] , although this is a likely Zintl phase with a corresponding low carrier concentration.
By contrast, chiral clathrates have been reported to exhibit superconductivity, for silicon-based and also for germanium-based materials. Na 2 Ba 4 Ge 25 was found to have T c = 0.84 K, and Ba 6 Ge 25 T c = 0.24 K, under ambient conditions [79] . However, with applied high pressure an increase was observed for Ba 6 Ge 25 up to T c = 3.8 K in 2.7 GPa [79] . Ba 6 Ge 25 is not a Zintl semiconductor, however the eight sp 2 -bonded framework sites per formula unit can formally be regarded to possess lone pairs acting as electron acceptors, so that a Zintl-type charge transfer from Ba ions to the framework may be regarded as explaining in part its stability [80] . This material exhibits two structural changes under ambient conditions [81] involving shifts of both Ge and Ba atoms. The structural distortions induced under high-pressure conditions have been found to be associated with a large increase in g(E F ), which has been identified to be largely responsible for the enhanced T c [82] .
Recent reports have also shown that Ba 6 Si 25 is a superconductor [83, 84] , with T c as high as 1.55 K [83] . There is no large pressure-induced change in Ba 6 Si 25 , as observed for Ba 6 Ge 25 , and the complex sequence of structural transitions at ambient conditions is also not present. Thus this material can be compared directly to the corresponding type-I superconductor Ba 8 S 46 . It is not yet entirely clear why such a large difference is observed between T c for the chiral and type-I BaSi clathrates. The presence of sp 2 -bonded sites in the sp 3 framework has been invoked as reducing the electron-phonon coupling [83] , as have a significant difference in low-frequency vibrational properties [40] . Further study will be needed to resolve this question.
VII. Magnetism.
The narrow peak in g(E F ) evidenced in Ba 8 Si 46 might be expected to favor magnetism as well as superconductivity, similar to the A 3 C 60 materials, which are close to a Mott-Hubbard transition. However in both cases, superconductivity is generally preferred. It has been argued that the sp 2 orbital degeneracy of the fullerenes stabilizes the expanded C 60 materials against a metalinsulator transition [85] ; similarly the sp 3 configuration for Si and Ge clathrates may also help to stabilize the superconducting state. As described above, superconductivity in Ba 8 Si 46 is uniformly suppressed by substitution of transition metals. However this effect has generally been shown to be attributable to the broadening of the g(E F ) peak rather than the competing appearance of a magnetic moment.
Ready substitution of transition metals onto the clathrate framework has only been exhibited for late transition elements, starting with Ni. These late transition metals exhibit filled d-bands when substituted on the silicon and germanium clathrates, shown for example by the formal valence of 1 for Cu atoms in the germanium type-I clathrate [69] . The earlier transition metals would be expected to induce magnetic moments, similar to observations in doped III-V and related semiconductors [86, 87] . The difficulty of substituting earlier transition metals is consistent with diamond-structure silicon, for which the Fe-group atoms are most commonly interstitial rather than substitutional [88] . In addition, there are many competing binary phases among the silicides and germanides. Two examples of substituted magnetic clathrates have been found thus far: type-I Ba 8 Mn 2 Ge 44 [89] and chiral Ba 6 Fe 3 Ge 22 [90] . However these materials are difficult to prepare, for example Ba 6 Fe 3 Ge 22 is apparently stable only at intermediate temperatures.
Complicated interrelationships control the stability of such materials [91] it may be that further advances will be made in this direction, for example through stabilization with vacancies.
The largest class of magnetic materials based on the silicon and germanium clathrates occurs with Eu ions occupying cage-filling positions in type-I compounds. In these cases Eu 2+ carries a large local moment, leading to a ferromagnetic transition temperature as high as 38 K for Eu 2 Ba 6 Ga 8 Si 36 [92] . The coupling between europium-based magnetic moments is apparently due to an RKKY interaction in all cases, with even the nominally semiconducting Zintl phases having a sufficient residual electron density to allow carrier-intermediated interactions as specified by the RKKY model. It will be interesting to see if the magnetic behavior can be tailored by modifying the carrier concentrations in some of these compounds. The properties of these materials will not be reviewed here, but in Table II we have summarized the compositions reported to exhibit ferromagnetic behavior, along with the reported transition temperatures. 
VIII. Conclusions:
Group-IV clathrates are expanded cage-structured materials akin to the fullerenes. However the presence of the extended sp 3 networks in these materials, as well as the vibrational behavior and Zintl behavior, lead to a number of properties unique to these materials. Here we have discussed the superconducting behavior and shown that the enhanced superconductivity can be regarded as related most strongly to the electronic features of the sp 3 framework. Charge transfer between cage-center atoms and the framework enhances the stability of these materials, but the Zintl mechanism also limits the ability to design high-carrier density composition, for example promoting spontaneous vacancy formation. In addition because of significant hybridization the cage-center ions participate much more actively in the electronic properties, as compared to carbon-based fullerenes. Magnetism has been observed in a number of cases where framework or cage-center positions can be substituted by magnetic ions.
